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In the first report from the Fall-99 Boston MRS wide-bandgap meeting (Part 1 in Issue 3, 2000, page 23), ad- 
vances in light emitting devices, UV detectors and epitaxial technologies were the main topics. In addition, 
significant advances in bulk growth processes, electronic device technology and performance, and contact 
resistance were also reported, covered here in Part 2. 
S ome performance gains may Umesh Mishra from UCSB re- appear to be little more than viewed impressive results reported a list of numbers, but in reali- recently on AlGaN/GaN HEMT 
ty they have become signiticant transistors, with 4.6 W/mm being 
milestones toward commercial achieved on a sapphire substrate at 
gallium nitride-based electronic 6 GHz and 7.1 W/mm on silicon 




Figure 1. Diagrams of (a) direct synthesis reactor and (b) sublimation method. 
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9.1 W at 10 GHz has been mea- 
sured for a Sic-based device and 
7.8 W for GaN on sapphire. 
These devices are also quite 
efficient. On Sic, the maximum 
power added efficiencies are 62% 
at 10 GHz (3.2 W/mm) and 58% at 
6 GHz (4 W/mm) for sapphire. A 
power-switching HEMT using a 
silicon nitride field plate to attain 
a 570 V breakdown voltage has al- 
so been made and all the above 
devices are using typical high-de- 
fect-level substrates (lo* to 10” 
cm-*). Even better characteristics 
are expected in the future from 
use of lower-defect-level sub- 
strates and these could go a long 
way toward meeting commercial 
product goals and toward the 
1000 V sourcedrain breakdown 
voltage targeted for some Navy 
power device applications. 
From the power dissipation 
view point, the latest data indicates 
that flip-chip bonding to alumini- 
urn nitride carriers may be the best 
assembly method, regardless of the 
device substrate - Sic, GaN, silicon 
or other. The latest power perfor- 
mance results on sapphire report- 
ed by Umesh were as high as 
6.4 W/mm at 60% power added ef- 
ficiency or 9.2 W/mm at 40% PAE. 
If power efficiency is considered 
then these AlGaN results are much 
better than can be obtained from 
SiC.When compared with GaAs de- 
vices, the same 60% PAE efficiency 
is only achieved at power levels of 
0.6 W/mm, an order of magnitude 
less power rating! Umesh also re- 
ported the development of a 10 W 
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transistor with a 2 mm gate, with a 
promise of even better perfor- 
mance available by mid-2000. 
Gallium nitride 
bulk growth 
The need for some form of bulk 
GaN substrates continues unabat- 
ed and several research groups 
around the world are working to- 
ward this goal. 
Shiro Sakai and his colleagues 
from Tokushima University have 
been evaluating several new bulk 
growth methods, including 
MOCVD growth on sapphire (20 
hours to grow 100 pm), GaN subli- 
mation in an ammonia atmos- 
phere, and direct synthesis, both 
using GaN seeded sapphire sub 
strates (see Figure 1). 
For the direct synthesis 
process, sapphire substrates were 
used, which had a GaN seed layer 
on them previously deposited 
by low-pressure MOCVD. These 
wafers were then placed in the di- 
rect synthesis reactor and a uni- 
form layer of about 100 urn of GaN 
was grown from gallium metal and 
ammonia, using nitrogen as the car- 
rier gas. “High crystal perfection” 
and low defect levels were ob- 
tained from both the sublimation 
and direct synthesis processes and 
free-standing wafers were made for 
evaluation purposes by removal of 
the original sapphire substrates. 
Bulk crystals, defined as either a 
free-standing GaN wafer (100 urn 
or thicker) from the sublimation 
process or thick films made by the 
direct synthesis on sapphire, were 
then used to make single and mul- 
tiple quantum well films.These ho- 
moepitaxially grown GaN/AlGaN 
films were almost defect free and 
will be used for device develop- 
ment. The direct synthesis method 
was also evaluated as a lateral epi- 
taxial overgrowth process and 
Shire expects it to provide a rela- 
tively low-cost mass-production 
method for future low-defect-level 
bulk GaN wafers. 
V Ivantsov from 
IOFFE Institute re- 
ported progress on 
some of the Russian 
bulk growth technol- 
ogy, including the 
fabrication of the 
largest bulk GaN 
crystal (4.5 cm3) to 
be grown from a 
melt-solution 
process. Prior efforts 
had produced 2 mm ’ 
thick crystals from Figure 2. Schematic diagram showing the shape of the first 
spontaneous nucle- me/t grown aluminium nitride boule. 
ation. In the latest 
process, an initial charge of gallium 
and gallium nitride is pre-treated at 
a controlled temperature under 
lo6 Torr vacuum. Then, using a 
method similar to the Czochralski 
process, the charge is further heat- 
ed and a seed crystal is dipped into 
the molten solution of gallium ni- 
tride in gallium (maintained in the 
900-1000°C temperature range at 
pressure of up to 2 atmospheres) 
and withdrawn at a growth rate of 
about 2 mm/hr. Cystals of up to 2 
cm diameter and 1.5 cm in length 
were produced. The main impuri- 
ties contained in these crystals 
were carbon and oxygen.The bulk 
crystals were then sliced, lapped 
and polished and used to grow 3 
pm of stress-free home-epitaxial 
GaN by HVPE. Device results from 
these wafers are expected later. 
Aluminium nitride 
bulk growth 
Because of desirable bulk proper- 
ties (high strength, resistivity, 
breakdown voltage and heat con- 
ductivity), aluminium nitride has 
also been of interest for along time 
as a substrate for the growth of III- 
nitride devices, but large-area bulk 
crystals have not been available be- 
cause of technical difficulties asso- 
ciated with its high melting point 
and other physical properties. 
However, successful melt and solu- 
tion growth processes were re- 
ported at this meeting. 
Vapour Growth I Nikolaev, al- 
so from IOFFE (in cooperation 
with TDI in Gaithersberg) de- 
scribed the frost growth of large 
(3 x 3 cm) trapezoidal AlN crystals 
by hydride vapour phase epitaxy. 
In this work, relatively thick 
(0.05-l mm) AlN single-crystal 
wafers were grown by HVPE on sil- 
icon, Sic and sapphire substrates at 
rates of up to 60 pm/hr.The initial 
substrate material was then re- 
moved, leaving free-standing AlN 
crystals, with thickness ranging 
form 0.1-0.8 mm and defect densi- 
ties in the lo8 cme2 range. Their 
physical properties were examined 
by x-ray,AFM, and cathode lumines- 
cence measurements. 
In the case of Sic and sapphire 
substrates, some cracking in the 
epi-layers was observed, but the 
cracks were usually self-terminat- 
ing. However, in the case of the 2H- 
AlN single crystals (see Figure 2) 
grown on silicon, no cracks were 
observed and the former silicon in- 
terface layer was flat and specular 
after removal of the silicon. HVPE 
was then used to grow p- and n- 
doped GaN layers on an AlN wafer, 
which was used to make a blue 
LED emitting at 450 nm. 
Melt Growth: Leo Schowalter 
from Rensselaer Polytechnic 
Institute (in a cooperative pro- 
gramme with Crystal IS Inc) de- 
scribed a different AlN bulk growth 
process. He reported the growth of 
a 13 mm diameter boule from a ni- 
tride melt at 2300°C (see Figure 2) 
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Figure 2. The first growth of large (3x3cm) 
trapezoidal bulk PH-AIN single crystals on 
silicon by hydride vapour phase epitaxy 
(courtesy of TDI Inc). 
which had some polycrystalline re- 
gions. These bottles were used to 
prepare atomically flat a- and c- 
face single-crystal wafers by chemi- 
cal-mechanical polishing of the 
AlN. These wafers had an orange 
colour, which was believed to be 
due to nitrogen vacancies. 
The thermal conductivity for 
these substrates, which contained 
about 3000 ppm of oxygen, was in 
the 2-3 W/cm2 range and defect 
levels were estimated to be about 
5x10* cm2 from the presence of 
about one screw dislocation per 
50 um.After a hydrogen clean, but 
without a buffer layer, crystalline 
AlN and AlGaN epi-layers were suc- 
cessfully grown by MOVPE on the 
a-face wafers. Resistivities of 
20 51 cm and a mobility of 
50 cmz/Vs were obtained for a 
1 pm layer of AlGaN (5O%Al) 
grown on these AlN wafers, Good 
epi-layers have not been grown to 
date on c-face substrates. 
Thick aluminium/ 
gallium nitride 
The MOCVD growth of thick, 
crack-free AlGaN layers for strain 
control in laser applications was 
reported by Isamu Akasaki from 
Meijo University. In this Akasaki 
process, a relatively thick (1 urn or 
greater) low-Al-content (about 3%) 
layer is first deposited on a sap- 
phire substrate covered with a 
low-temperature buffer layer. The 
lattice mismatch is small between 
this layer and the adjacent AlGaN 
cladding layer (8% Al), thus sup- 
pressing crack formation. These 
cladding layers have been used to 
make GaN lasers with improved 
optical confinement and single- 
spot far-field pattern in the vertical 
direction. Threshold currents as 
low as 65 mA have been achieved 
for a 3 pm ridge-stripe laser. These 
results support the growth of high- 
quality epitaxial layers and poten- 
tial laser performances that may be 
superior to today’s conventional 
GaN-based laser diodes. 
Device contact 
resistance 
In the past, ohmic contact to 
wide-bandgap devices, both p- 
and n-polarities, has been a seri- 
ous enough problem to limit the 
performance of nitride-based de- 
vices, especially laser diodes. 
However, the use of GaN/AlGaN 
superlattices, novel metallisations 
and other process improvements 
have reduced p-layer contact resis- 
tance to the lo-* to 10m5 R/cm2 
range and almost closed the gap 
between III-nitrides and other 
semiconductors such as silicon. In 
keeping with prior rapid 
progress, further advances in p- 
contact formation were reported. 
One new process, reported by 
Tae-Yeon Seong from K-JIST in 
Korea, described a pre-contact 
surface cleaning treatment con- 
sisting of the sequential use of sol- 
vent and chemical treatments 
following the mesa etch. The 
cleaning sequence given, prior to 
platinum deposition, included sev- 
eral solvents, trichloroethylene, 
acetone, methanol, then deionised 
water, finally followed by buffered 
oxide etch and ammonium sul- 
phide solutions (10 minutes 
each). Contact resistances of 
2~10~~ Q/cm2 were measured at 
room temperature over a 5-30 urn 
range of pad-to-pad spacings and 
the process was claimed to pro- 
vide the lowest contact resistance 
ever reported for platinum con- 
tacts to p-doped GaN. 
G Simin from the University of 
South Carolina (in cooperation 
with Michael Shur’s group from 
Rensselaer Polytechnic Institute) 
reported on the use of selectively 
grown GaN to produce improved 
p-layer contacts. The process is 
compatible with high-power de- 
vices and gave room-temperature 
resistivities of lO.* Q/cm2, which 
decreased with increasing tem- 
perature to 5~10~ Q/cm2 at 
250°C. 
This process involves the 
growth of a top n-layer for a GaN 
n-p-n bipolar junction transistor 
and avoids the process degrada- 
tion of a p-type layer and for p- 
contact formation, a 0.2 urn p-GaN 
layer was grown on 1 urn of n- 
GaN on sapphire. All the contact 
layers were grown by low-pres- 
sure MOO, using silicon and 
magnesium as the dopants. In the 
p-contact process, 5OA of palladi- 
um and lOOA of gold were elec- 
tron-beam deposited, followed a 
30 s rapid thermal anneal in oxy- 
gen. Contacts made by this 
process were stable up to 250°C 
where the hole concentration was 
measured to be 10” cme3. These 
contacts have survived 7 kA/cm2 
power densities in a diode laser. 
For bipolar junction transistor 
(BJT) applications, the upper n-lay- 
er was deposited only in pre-select- 
ed regions ranging from 10 x 200 
to 100 x 200 urn in area.The selec- 
tively regrown pn junctions had 
turn-on voltages around 3 V (in the 
room temperature to 300°C 
range), with leakage currents vary- 
ing from 15 r_IA at room tempera- 
ture to a worst case of 60 l.tA at 
300°C for the 100 x 200 urn area 
devices.The first BJT devices made 
using this pmetallisation process 
had approximate gain values of 
p = 20 at 300°C. 
Suzanne Mahoney from Penn 
State (in cooperation with Sandia 
Laboratories) reviewed recent ad- 
vances in p-GaN contact technolo- 
gy In experiments at Sandia, a 
boiling aqua-regia surface treat- 
ment for p-doped surfaces, fol- 
lowed by a short 400°C anneal, 
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provided aluminium/gold contact 
resistances in the mid-5x10-5 
Q/cm2 range. Other anneals at 
700°C with 10% oxygen in nitro- 
gen for four minutes also provid- 
ed stable contact resistance. To 
evaluate the effects of oxygen, 
GaN was oxidised at 800°C for 1 
hour producing a thin oxide layer, 
but 25 hours at 900°C in dry air 
produces 500 nm of gallium oxide 
with poor surface morphology, 
neither being suitable for contact 
formation. Some evidence to sup- 
port the formation of an interme- 
diate oxynitride was also found. 
UV emitters 
The ability to detect and/or emit ul- 
traviolet radiation from solid-state de- 
vices offers the potential for several 
new application categories.These in- 
clude efficient visible-light sources 
by combining a preferred 380 nm 
UV emission and appropriate phos 
phors for biotechnology and chemi- 
cal activation sensors, for UV flame 
detectors and for visible-blind UV 
camems. GaN-based sensors offer 
the potential for solar-blind devices 
and the emitters offer the potential 
for high efficiencies. UV devices are 
becoming another active field for 
GaN research. Jung Han and co 
workers from Sandia National 
Laboratories have used an in-house 
rotatingdisc MOCVD reactor to 
make a range of UV devices. 
Examples include a 353 nm wave- 
length AlGaN quantum well diode 
(with 5o/oA1), a 350 nm diode 
with (7%In) and the shortest-wave- 
length diode emitting at 337 nm 
(though unfortunately with a short 
lifetime). 
Sandia also made 
A& 14Ga0.s2fn0.04N quaternary de- 
vices operating at 358 nm.The ad- 
dition of indium to the ternary 
AlGaN multi-quantum wells ap- 
pears to enhance the emission effi- 
ciency of the devices and allow 
more flexibility in matching the ac- 
tive layers to the substrate. 
The promise of even shorter- 
wavelength emitters can be ex- 
pected from the work of Takeo 
Someya and co-workers who pre- 
pared GaN 30-period MQWs (with 
AlGaN cladding) by atmospheric- 
pressure MOCVD. A 290 nm pho- 
toluminescence (PL) was 
obtained from 1.5 nm thick GaN 
wells and increasing the alumini- 
urn barrier content to 50%. 
Maximum PL intensities were ob- 
tained from 2 nm well thickness- 
es. By reducing the well thickness 
to 1 nm and increasing the alu- 
minium cladding content to 80%, 
the PL wavelength of these quan- 
tum well devices was further 
shortened to 247 nm. 
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